Abstract. In this paper a new detection and isolation technique for encoder faults is presented for doubly-fed induction generators. This method compares the measured rotor position with an estimation from a new MRAS observer based on the computation of both active and reactive power transferred via the air gap. The difference between measured and estimated position is monitored by a CUSUM algorithm, while a second observer, based on an internal state-space model, detects anomalous changes in the measured position. A position fault is flagged when both algorithms react. The combination of sensorless algorithm and fault detection technique is tested experimentally on a 3 kW 4-pole DFIG for different working points. The starting performance of the MRAS observer and its behaviour in case of transients is tested during the synchronization process of the DFIG.
Introduction
Doubly-fed induction generators (DFIGs) are particularly interesting for medium and high wind power applications using a limited speed range, due to the fact that the converter, connected to the rotor of the generator, is rated at about 30% of the nominal power of the machine [1] [2] . In wind power applications, the detection of encoder failures and the use of a sensorless algorithm as a back-up solution can avoid important production losses and allow a planned maintenance operation, especially for off-shore plants for which the access is all the more dependent on weather conditions. The sensorless algorithms proposed in the literature can be essentially classified into two categories. The first category consists of open-loop methods that compare estimated and measured values (generally rotor currents) to compute the rotor position [2-3-4] . The second category uses MRASs (Model Reference Adaptive Systems); the position is estimated thanks to a closed-loop system in which an adaptive model, function of the rotor position, tracks a reference model. Reference [2] concludes that methods comparing rotor currents are the better suited for grid-connected machines than methods comparing stator currents or flux or rotor flux. A method based on active power is also presented in [5] that avoids the use of dq quantities and keep good performances at lower rotor currents; this algorithm becomes however unstable when reactive power is delivered from the rotor. This paper proposes an extension of the sensorless algorithm proposed in [5] and use it to detect encoder failures combining a CUSUM method and an adaptive model-based observer based on [3] . The sensorless algorithm, based on the comparison of active and reactive power computed in the stator reference frame, is stable whatever the position of the rotor current vector.
Proposed sensorless algorithm
Active and reactive power transferred via the air gap (P s and Q s ) are estimated using the measured stator voltages v s and currents i s in α s β s coordinates of the stator reference frame. According to the equivalent circuit of the machine (Figure 1 ), the stator voltages v s are used to compute the components e α,s and e β ,s of the derivative of the stator flux E s :
The voltage phasor
E s on the magnetization branch of the machine is computed neglecting the magnetization resistance R Fe , L ss being the sum of magnetization and stator leakage inductances L M and L ls . For a better estimation at low load both active and reactive power consumption in the magnetization branch are taken into account [5] . This power estimation is the reference model of the MRAS.
According to the equivalent circuit of the machine ( Figure 1) , P s and Q s can be developed as follows:
where P Fe , Q M and ω e are the estimated iron losses and consumed reactive power for the excitation of the machine and the synchronous pulsation respectively. The 3 2 factor comes from the use of the Clarke transformation to obtain the αβ coordinates.
The active and reactive power transferred via the air gap are estimated alternatively (P r and Q r ) using measured stator voltages v s and rotor currents i r , again in α s β s coordinates of the stator reference frame. The rotor currents i r are therefore first measured in α r β r coordinates of the rotor reference frame before being rotated by the value of the rotor angle in order to be converted in the stator reference frame. This second estimation is function of the rotor angle estimation and is thus the adaptive model of the MRAS. According to the equivalent circuit of the machine ( Figure 1 ), P r and Q r can be developed as follows:
The voltage E s and the current I r can be represented as rotating phasors in the α s β s stator reference frame with ϕ being the phase lag of I r with respect to E s (see Figure 2 ). The α r β r rotor reference frame can be represented as well, rotated by the rotor angle θ . If the machine parameters are perfectly known, the active and reactive power estimations of the reference model are equal to:
However, the active and reactive power estimated using the rotor current depend on the rotor angle estimation θ . For an angle estimation error ∆θ the corresponding estimated phasor I r of the rotor current also differs from I r by ∆θ . The angle ϕ between E s and I r becomes then ϕ (it has to be noted that a positive variation ∆θ generates a negative variation ∆ϕ = −∆θ ). In consequence the active and reactive power estimations of the adaptive model become (see Figure 2 ):
By multiplying the active power difference between both models with the reactive power seen from the stator and vice-versa, the following expressions can be written: The magnitudes E s and I r of phasors E s and I r correspond to the amplitude of the e.m.f. and the rotor current respectively. The α r β r rotor reference frame and the I r and the related angles ϕ and θ represented in blue correspond to the estimations of the adaptive model.
Subtracting the latter expression from the former and using trigonometric relationships, it is possible to show that:
or:
S s being the apparent power transferred via the air gap. The value of − sin (∆θ ) is used as input for a PI controller. The output of the controller corresponds to the estimated rotor angular speed ω est (in electrical rad/s). The position is obtained by integration and used as feedback to compute the αβ components of the rotor currents in the stator reference frame (adaptive model, see Figure 3 ).
In order to verify the stability of the algorithm, its equilibrium points are analyzed. Since − sin (∆θ ) is the input of the PI controller, the model reaches an equilibrium point (the PI controller action becomes constant) if sin (∆θ ) = 0. This happens if ∆θ = 0 (the estimated and the real angle are identical) and if ∆θ = ±π (the estimated and the real angle are in opposition).
Concerning the first equilibrium point, a small disturbance δ θ > 0 (small overestimation of the rotor angle) makes the input of the PI controller − sin (∆θ ) = − sin δ θ slightly negative. The result is then a reduction of ω est such that the overestimation decreases, while a small underestimation of the rotor angle acts in the opposite way. This equilibrium point is thus stable.
If the second point is considered, a small disturbance δ θ > 0 (corresponding to a hard underestimation of the rotor angle, near phase opposition) makes the input of the PI controller − sin (∆θ ) = − sin (±π + δ θ ) = sin δ θ slightly positive. The result is then an increase of ω est such that the underestimation decreases, while a small disturbance δ θ < 0 around this point Figure 3 . Sensorless algorithm. Stator voltages and currents and rotor currents are used in order to compute the active and reactive power transferred via the air gap from both stator (reference model) and rotor (adaptive model) sides. A PI controller using the estimated angle error allows the adaptive model to track the reference model. The block " Power estimations" implements equation (2), (3) and (4), while the block " angle error estimation" implements equation (10).
acts in the opposite way. This equilibrium point is thus unstable.
The fact that the algorithm is stable whatever the estimated angle error and whatever the phase shift between phasors E and I r is one of the major advantages of this sensorless algorithm.
Since the values in αβ are used, there is no need of using a synchronous dq frame. The computation of ω est in the closedloop structure also enables estimating the rotor speed without derivating a modulo 2π angle estimation. The use of a PI controller also permits a smoother evolution of ω est compared to the hysteresis controller (at the cost of finding the PI parameters). It is moreover interesting to note that the algorithm also works before the DFIG is synchronized (when i α,s = i β ,s = 0).
Proposed detection scheme
The proposed scheme compares the measured and the estimated angles within a range between π and −π thanks to a CUSUM algorithm. More information about this algorithm can be found in [6] and [7] . In this case, however, the CUSUM algorithm is simplified, since only one fault case has to be detected and since the angle difference is its only residual. Therefore, only one log-likelihood ratio (LLR) is considered between the unique fault hypothesis and the no-fault hypothesis for each sample k. The residual is considered as a Gaussian white-noise sequence r(k) characterized by its mean value (equal to µ 0 and µ 1 in healthy and faulty cases respectively) its variance Σ (supposed to remain unaffected).
The algorithm consists of taking the cumulative sum S 1,0 of the LLR s 1,0 :
where p 0 (r) and p 1 (r) are the probability density functions of r(k) under the hypothesis of a healthy or faulty encoder respectively.
This sum consists of an decreasing function if the system is healthy and of a increasing function in case of fault. It is practically implemented in its recursive form g(k), which grows in case of fault and goes back to zero if the fault is no more present:
If the CUSUM function crosses a defined threshold, a flag is set. The use of the CUSUM function instead of a simple comparison of the angle difference with a threshold avoids false alarms that could be generated by a disturbance of the estimated theta coming from noise in the current or voltage measurements.
This fault flag is, however, not sufficient to conclude whether the sensor is faulty or not, since anomalous current or voltage waveforms resulting from the presence of faults in the machine or in the measurement system can jeopardize the accuracy of the sensorless algorithm. In order to detect a position-sensor fault, the encoder signal is monitored by an observer which compares the signal with an adaptive model defined in state space equations. This observer is slightly adapted from the one presented in [3] :
where u(k) and y(k) represent the input of the adaptive model (i.e. the measured rotor angle) and its output (i.e. the estimated rotor angle of the observer) respectively. The column-vector x(k) represents the state of the model. Its components are the estimated rotor angle and its derivative with respect to time. T s is the sampling time of the control system of the machine and k f represents the weight of the real measurement value (compared to the one of the internal model value) on the output of the adaptive model.
In case of fault the difference between the measured position and the model output increases and sets a flag by crossing a threshold. Once the model has adapted to track the faulty position, the difference falls back to zero. Using logical gates and memories (see Figure 4 ) the fault detection flag is activated in case of activation of both flags and remains activated as long as the CUSUM flag is activated.
Experimental validation
The new algorithm and the FDI technique are tested experimentally on a 4-pole 3 kW DFIG driven by a 3 kW DC machine. The stator and the rotor of the DFIG are connected to the 380 V 50 Hz grid via a contactor and a back-to-back converter respectively. The rotor nominal voltage is 130 V, but all rotor measurements are scaled to the stator. Both machines and the grid-side converter are controlled using two dSPACE interfaces. The speed is imposed by the DC machine while the DFIG is torque controlled. Encoder faults are emulated by holding the angle at its last value and by forcing the speed to zero. Using this technique, the angle error grows progressively with time, making the failure more difficult to detect than in the case of a sudden change in the measured angle (e.g. a drop to zero or to a constant).
In order to validate the sensorless algorithm and the FDI technique, experimental tests are done for different speeds, torques and with or without reactive power transfer between the stator and the grid. The thresholds are 1.35 and 0.1 for the CUSUM g function and the difference between the measured angle and the output of the adaptive model respectively. The CUSUM algorithm is implemented with the following parameters: µ 0 = 0, µ 1 = 0.3, Σ = 1. When the CUSUM g function drops back to zero, the CUSUM flag is reset after a delay of 1 s. The k f update parameter of the measured angle observer is set to 0.1. The sampling time T s is equal to 66.7 µs.
For each test the following results are presented from top to bottom: rotor angles (presented between 0 and 2π for display reasons), difference between the measured angle and the output of the adaptive model, flags and CUSUM function and stator and rotor dq axis-currents. The rotor currents are scaled to the stator. The angle marked as chosen' corresponds to the one which is used for the control of the generator.
The response of the algorithm to a sensor fault on the DFIG running at 1200 rpm with a 5 Nm-braking torque is presented in Figure 5 . The failure occurs at 0.9533 s. The observer output starts growing and crosses the threshold at 0.9540 s. The fault is detected when the CUSUM g function crosses also its threshold at 0.9557 s and the selected angle value jumps to the estimated value. Thanks to the memory and to the logical gates, the fault remains flagged when the observer flag falls below 0.1 because of the drift of the adaptive model.
The response of the algorithm to a sensor fault in the same conditions, except that reactive power (1000 VAr) is transferred from the grid to the stator, is presented in Figure 6 . This reactive power is responsible of the non-zero value of the stator daxis current. The failure occurs at 0.7547 s. The observer out- Figure 6 . Detection of a sensor fault on the DFIG running at 1200 rpm with a 5 Nm-braking torque and with reactive power consumption (1000 VAr). The failure occurs at 0.7547 s.
The response of the algorithm to a sensor fault on the DFIG running at 1550 rpm with a 5 Nm-braking torque and with 1000 VAr reactive power transferred from the grid to the stator, is presented in Figure 7 . The failure occurs at 1.6480 s, but the measured angle recovers its right value at 1.6547 s. The observer output starts growing and crosses the threshold at 1.6483 s. The fault is detected when the CUSUM g function crosses also its threshold at 1.6497 s and the selected angle value jumps to the estimated value. The lower detection time (1.7 ms) than at 1200 rpm (2.0 ms) is not significant, even if the angle error theoretically grows faster due to the higher rotor speed. At the time the sensor signal is recovered, the adaptive model has already started to track the erroneous measured signal. This sudden recover of the measurement causes therefore a peak at the output of the observer, before it falls at 1.6567 s below its threshold, resetting the corresponding flag. In the meantime the CUSUM g function drops to zero at 1.6543 s, while the reset of the CUSUM flag (not represented in Figure  7 ), causing the reset of the encoder fault flag occurs 1 second later (at 2.6543 s). Figure 7 . Detection of a sensor fault on the DFIG running at 1550 rpm with a 5 Nm-braking torque and with reactive power consumption (1000 VAr). The failure occurs at 1.648 s.
In order to investigate the behaviour of the sensorless and FDI algorithms in case of a torque transient, test results are presented in Figure 8 for a fault happening just after a step in the braking torque reference. The torque reference is changed from 5 to 10 Nm at 0.6404 s, while the failure occurs at 0.6561 s. During the current transients no particular change of the observer output and of the CUSUM function is observed. The observer output and the CUSUM g function cross their thresholds at 0.6567 s and 0.6583 s respectively. The fault is detected within 2.2 ms, which makes no relevant change compared to the case with 5 Nm braking torque without transient (2.4 ms).
The behaviour of the algorithm when the generator is started is presented in Figure 9 . The machine is first driven at 1000 rpm by the DC machine. The synchronization process starts with the injection of currents in the rotor windings in order to generate voltages on the stator side and synchronize them with the grid voltages. When the synchronization is done the stator contactor is closed and the control switches from stator voltage control to torque control. The braking torque reference is set to 5 Nm.
No fault occurs during this test, but the influence of the current transients on the estimation is investigated. At time equal to 1.6640 s the converter starts to inject currents in the rotor. The estimated angle starts then to rise and to follow the measured angle. During this transient the CUSUM (inhibited when the controller is off) function grows and crosses its threshold. However, no spurious fault detection occurs, since the measured angle observer does not detect any anomalous change in the angle evolution. The estimated angle reaches the measured value (and the CUSUM function drops to zero) at 2.1127 s, while the CUSUM flag is maintained set because of the delay of one second.
When the stator contactor closes (at 3.0100 s) current transitory oscillations are generated and disturb the estimation, which starts to differ again from the measurement. Again the CUSUM function grows, but no fault detection occurs thanks to the observer. The CUSUM function drops back to zero at 3.0933 s.
The sudden change of amplitude of the rotor dq-axis currents at 2.9643 s is caused by the regulation system, which switches from stator voltage control to torque control at the time the closing order is sent to the stator contactor. The contactor closes only 0.0457 s later, because of its slower dynamics. Figure 9 . Starting behaviour of the sensorless algorithm before the synchronization of the stator of the DFIG with the grid. The machine is driven at 1000 rpm and the braking torque reference is set to 5 Nm after synchronization. No fault occurs during this test, but the influence of the transients on the estimation is investigated. At time equal to 1.6640 s the converter starts to inject currents in the rotor and the stator contactor closes at 3.0100 s.
Conclusions and future work
A new sensorless algorithm for DFIG based on active and reactive power is proposed and combined to a model-based observer and a CUSUM technique in order to detect and isolate encoder faults. The combination of active and reactive power enables to quantify the angle error as soon the rotor currents are not zero and without using the dq quantities. The algorithm is stable whatever the estimated angle error and whatever the phase shift between phasors E and I r . Moreover, the computation of ω est in the closed-loop structure with a PI controller can also be used for rotor speed estimation.
Experimental have been presented at different working points of a 3kW DFIG in the common speed range around the synchronous speed. It turns out that the detection time (around 2 ms) do not vary significantly with speed, torque or reactive power consumption. Current transients caused by a torque reference step do not disturb the sensorless and FDI algorithms. However, stronger transients in the current (e.g.: when the stator contactor closes) affect the sensorless algorithm in such a way that the CUSUM g function crosses its threshold. This phenomenon illustrates the role of the position sensor observer, which enables to decide whether the angle difference detected by the CUSUM algorithm is due to a sensor fault or to a deviation of the estimated position.
The algorithm has, however, a main drawback : its performance depends on the parameters of the machine (essentially on the magnetizing inductance L M , which is here considered as constant). A further improvement of the algorithm should consist of taking the saturation curve of the machine into account.
